Perinatal stroke leads to significant morbidity and long-term neurological and cognitive deficits. The pathophysiological mechanisms of brain damage depend on brain maturation at the time of stroke. To understand whether microglial cells limit injury after neonatal stroke by preserving neurovascular integrity, we subjected postnatal day 7 (P7) rats depleted of microglial cells, rats with inhibited microglial TGFbr2/ALK5 signaling, and corresponding controls, to transient middle cerebral artery occlusion (tMCAO). Microglial depletion by intracerebral injection of liposome-encapsulated clodronate at P5 significantly reduced vessel coverage and triggered hemorrhages in injured regions 24 h after tMCAO. Lack of microglia did not alter expression or intracellular redistribution of several tight junction proteins, did not affect degradation of collagen IV induced by the tMCAO, but altered cell types producing TGF␤1 and the phosphorylation and intracellular distribution of SMAD2/3. Selective inhibition of TGFbr2/ALK5 signaling in microglia via intracerebral liposomeencapsulated SB-431542 delivery triggered hemorrhages after tMCAO, demonstrating that TGF␤1/TGFbr2/ALK5 signaling in microglia protects from hemorrhages. Consistent with observations in neonatal rats, depletion of microglia before tMCAO in P9 Cx3cr1 GFP/ϩ / Ccr2 RFP/ϩ mice exacerbated injury and induced hemorrhages at 24 h. The effects were independent of infiltration of Ccr2 RFP/ϩ monocytes into injured regions. Cumulatively, in two species, we show that microglial cells protect neonatal brain from hemorrhage after acute ischemic stroke.
Introduction
The incidence of perinatal stroke is similar to that in the elderly (Lynch and Nelson, 2001; Kirton and Deveber, 2013) . Perinatal stroke leads to significant morbidity and long-term neurological deficits. It has become clear that brain immaturity at the time of injury plays a key role in the pattern of brain damage in humans, but the underlying mechanisms of the differing pathophysiology of perinatal and adult stroke are far from being understood (Fernández-Ló pez et al., 2014) . Recent studies showed that hemorrhagic transformation of infarction is the leading mechanism of hemorrhagic stroke in term and late preterm neonates (Armstrong-Wells et al., 2009; Bruno et al., 2014) , but the underlying mechanisms are poorly defined.
Vascular degeneration and malfunction are important contributors to stroke. In adults, ischemia-reperfusion disrupts both structural morphology of the blood-brain barrier (BBB) and finely tuned interactions between endothelial cells, vascular basal lamina, pericytes, and astrocytes, allowing neurotoxic plasma components into the brain. Depending on initial stroke severity (i.e., length and extent of perfusion deficits), disruption of the BBB can be rapid and biphasic (Yang and Rosenberg, 2011) or gradual and delayed (Knowland et al., 2014) , with disruption of both the transcellular and paracellular permeability mechanisms. Lengthy periods of perfusion deficits followed by reperfusion lead to hemorrhagic transformation (Jickling et al., 2014) . These pathophysiological events, which are closely associated with the increased recruitment and infiltration of circulating leukocytes, trigger local inflammation in the brain and contribute to further BBB breakdown and endothelial cell degeneration (Denes et al., 2010) . Endothelial cells exposed to locally produced cytokines become reactive and actively facilitate the recruitment of circulating leukocytes through upregulation of adhesion molecules at the luminal vessel side. Adherent and infiltrated leukocytes release neurotoxic inflammatory mediators and reactive oxygen species (ROS) and activate glial cells, further damaging vascular integrity (Iadecola and Anrather, 2011) . Stroke-induced neuroinflammatory processes, including microglial responses, also differ between neonatal brain and adult brain, and strategies aimed to prevent or reduce inflammatory damage in adults may be ineffective or deleterious in newborns (Fernández-Ló pez et al., 2014) .
Until recently, disruption of the BBB in a postischemic neonatal brain was assumed, with little evidence for or against such a notion. We identified major differences in functional BBB responsiveness to ischemia-reperfusion between neonates and adults by showing that leakage of large intravascular tracers in the neonatal rat brain is significantly lower than in the adult brain 24 h after transient middle cerebral artery occlusion (tMCAO) and that several factors, including distinct mechanisms of endothelial cell activation, structure of the extracellular matrix (ECM), and neutrophil-endothelial interactions, account, at least in part, for the differences in BBB functional integrity observed between the two ages (Fernández-Ló pez et al., 2012) .
Activated microglial cells have been traditionally considered injurious in the postischemic brain due to production of inflammatory mediators, ROS, and other toxic molecules (Wang et al., 2007) . However, more recent data suggest that microglia may have a dual role after stroke, injurious (Monje et al., 2003) or beneficial (Lalancette-Hébert et al., 2007) . Microglial phenotypes are heterogeneous, and the origins of resident microglia and infiltrated monocytes are distinct (Ginhoux et al., 2010) , producing separate effects in stroke. Data are also emerging that microglial phenotypes during fetal and postnatal brain development differ from those in the adult and that microglial cells have unique roles in the postnatal brain (Paolicelli et al., 2011; Butovsky et al., 2014) .
We previously showed that depletion of microglia enhances neuroinflammation and exacerbates injury in neonatal rats subjected to tMCAO . In this study, we asked whether microglial cells have direct effects on neurovascular integrity after neonatal stroke. We demonstrate that microglial depletion adversely affects vascular density and increases vascular permeability and the incidence of intracerebral hemorrhages in acutely injured regions, and that inhibition of TGF␤1 signaling selectively in microglia recapitulates hemorrhage induction in a neonatal rat tMCAO model. We then demonstrate that the effects are not species-specific and that microglia also protect the neonatal postischemic mouse brain from hemorrhages.
Materials and Methods
All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of California-San Francisco.
Depletion of microglial cells was accomplished by intracerebral administration of liposomes with encapsulated clodronate (dichloromethylene bis-phosphonate, Clod-lip) to P5 rats of either sex, as we previously reported . Liposomes containing PBS (PBS-lip) served as vehicle. Density of microglial cells was determined in injured and in matching contralateral regions in all untreated, PBS-lip-treated, and Clod-treated rats. Microglial depletion in Clod-lip-treated rats was defined as at least 85% reduction in microglial density in injured regions compared with the corresponding injured regions of untreated rats 24 h after tMCAO. Clod-lip-treated rats with Ͼ15% microglial density were excluded from the study .
Transient 3 h MCAO was induced in unsexed P7 rats as we previously described .
Transient 3 h MCAO was induced in unsexed P9-P10 Cx3cr1 GFP/ϩ / Ccr2 RFP/ϩ mice using the surgical procedure we previously described (Woo et al., 2012) . The Cx3cr1 GFP/ϩ /Ccr2 RFP/ϩ mouse line was established by Dr. Charo at the Gladstone Institute at the University of California-San Francisco (Saederup et al., 2010) ; founders for the colony were kindly provided to us by Dr. Katerina Akassoglou at the Gladstone Institutes at the University of California-San Francisco.
Histological analysis was performed in perfusion-fixed, postfixed, and cryoprotected flash-frozen brains that were sectioned on a cryostat (12-m-thick serial sections, 500 m apart). Brain injury was determined in six coronal Nissl-stained sections.
Immunofluorescence image acquisition and 3D data analysis of fluorescence data were performed in rats in adjacent brain sections incubated in blocking solution (10% normal goat serum, 0.1% Triton X-100 in PBS 1ϫ, 1 h, room temperature) overnight at 4°C with primary antibodies [rabbit anti-Iba1 1:500, Wako; rabbit anti-collagen IV, 1:1000, Abcam; mouse anti-rat RECA-1 1:200, ABD Serotec; activated caspase-3 (AC3), 1:500, Cell Signaling Technology; mouse anti-rat GFAP 1:500, BD Biosciences; rabbit anti-rat TGF␤1, 1:500, Torrey Pines; NeuN, 1:100, Millipore Bioscience Research Reagents], followed by appropriate secondary antibodies, isolectin-B4 (IB4, 1:100, Invitrogen) and DAPI. Confocallike Z-stacks (25ϫ oil objective, 10 m thick, 1 m Z step) were acquired using a Zeiss microscope equipped with the confocal-like Optigrid devise and Volocity software (Improvision) (Fernández-Ló pez et al., 2012) . Vascular density was quantified in six fields per view (FOV) per region per brain using automated threshold protocols for object detection. Mean and sum of vessel volume, length, and number were calculated in a standard size voxel. Density of microglia/macrophages was calculated by subtracting RECA-1 ϩ object volume (vessels) from IB4 ϩ object volume (vessels ϩ microglia/macrophages). The number of cells that express activated caspase-3 colocalizing with RECA-1 ϩ vessels was quantified manually. The number of string vessels (RECA-1 Ϫ /Col-IV ϩ vessels) was obtained by subtraction of RECA-1 ϩ objects from Col-IV ϩ objects. Volume data were expressed as the percentage of total sampled volume. Similar staining protocols, image acquisition, and analysis were used in the mouse brain. The numbers of GFP ϩ microglia and RFP ϩ monocytes were calculated. The number of infiltrated monocytes not touching Glut1 ϩ vessels was determined. Intracerebral hemorrhages in the rat brain parenchyma were visualized by FITC immunofluorescence or in DAB/H 2 O 2 -stained sections counterstained with Nissl. The total number of hemorrhages was quantified in the ipsilateral and contralateral hemispheres in 4 serial sections per brain (500 m apart), covering the rostrocaudal extent of the infarct. Intravascular red blood cells were excluded from analysis. Area covered by FITC-positive hemorrhages was measured using Volocity software, the total number of hemorrhages and the number of larger size hemorrhages, with surface area larger than Ͼ10,000 m 2 , were counted, and the data were presented as total sum of hemorrhages. The size of DABpositive hemorrhages was determined as the length of the longest axis in 4 serial sections per rat brain (500 m apart) and 6 serial sections per mouse brain. The total number of hemorrhages, the number of parenchyma hemorrhages, and the number of hemorrhages Ͼ50 m in rats and Ͼ25 m were determined using a Nikon microscope.
BBB permeability to intravenous fluorescent tracers was determined in rat pups using TRITC-conjugated 70 kDa dextran injected into the jugular vein 23 h after reperfusion followed by transcardial perfusion 1 h later (Fernández-Ló pez et al., 2012) and using same procedure following intrajugular injection of Alexa-647-conjugated albumin in mouse pups.
In situ detection of superoxide production was determined using cellpermeable dye hydroethidine (DHE, 5 mg/kg, i.p.) administered 3 h before death, followed by perfusion-fixation, as we previously described .
Whole-brain lysates were prepared from injured and matching contralateral regions by homogenization in 1ϫ lysis buffer (Cell Signaling Technology) containing protease and phosphatase inhibitors (Roche). Injury was confirmed by the presence of spectrin cleavage (anti-spectrin, 1:2000) on same Western blot. Protein expression was determined using rat anti-collagen IV␣-1 (1:1000, Sato), rabbit anti-claudin-5 (1:500, Invitrogen), mouse anti-occludin (1:500, Invitrogen), rabbit anti-SMAD2/3 (1:500, Millipore), rabbit anti-pSMAD2 (1:500, Millipore), and mouse anti-spectrin (1:2000, Millipore) diluted in blocking buffer (5% milk in 0.2% Tween 20/TBS, 4°C overnight). Results were normalized to expression of actin (mouse anti-actin, 1:5000, Sigma-Aldrich).
Subcellular fractions, including cytosolic, membranous, nuclear, and cytoskeletal fractions, were extracted from brain tissue using ProteoExtract Subcellular Proteome Extraction Kit (Calbiochem) according to the manufacturer's instructions. Protein was concentrated by incubation in 4 volumes of ice-cold acetone at Ϫ20°C for 1 h followed by centrifugation at 14,000 ϫ g for 10 min and resuspension in a smaller volume of rehydration lysis buffer containing 3 M urea, 1 mM DTT, 5% CHAPS, and 5% SDS. The identity of each fraction was confirmed by Western blot using anti-MKK3 (cytosolic fraction [CF] , Cell Signaling Technology), anti-N-cadherin (membrane/organelle fraction [MF], Epitomics), anti-histone H1 (nuclear fraction, 1:1000, Santa Cruz Biotechnology), and vimentin (actin cytoskeletal fraction [ACF], Cell Signaling Technology). Protein concentration was normalized to actin in individual subcellular fractions.
MMP-9 and MMP-2 gel zymography was performed in whole-brain lysates from injured and matching contralateral regions using 1% gelatin SDS-PAGE zymography and Type A gelatin from porcine skin (Sigma). The presence of injury was confirmed on Western blot by calpain-and caspase-3-spectin cleavage, as previously described . Equal volumes of brain homogenates were diluted in 4ϫ sample buffer (0.125 mM Tris-HCl, pH 6.8; 4% sucrose; 10% SDS, 0.003% bromophenol blue), and proteins were separated electrophoretically under nonreducing conditions. Human neutrophil MMP-9 (Calbiochem) was used as positive control. SDS was removed using Triton X-100, and gels were incubated overnight at 37°C in zymography buffer (10 mM CaCl 2 , 50 mM Tris, 50 mM NaCl pH 7.65). Gels were then stained with a solution containing Coomassie Blue R250, 30% methanol, and 10% acetic acid. Densitometric quantification of the lysis regions (ϳ92 kDa for pro-MMP-9) was performed using Scion Image and data normalized per amount of protein in each sample. Recombinant MMP-9 and MMP-2 were included to each gel as a standard.
Recombinant human TGF␤1 (rhTGF␤1) was reconstituted in 10 mM citric acid, pH 3.0, diluted in PBS/0.1% BSA, and administered (0.5 mg/kg/injection; intrajugular) twice, 6 h and 90 min before death at 24 h after reperfusion.
SB-431542 was entrapped into the liposomes by a variant of a proliposome method by mixing SB-431542 in propylene glycol (5 mg/ml) with concentrated solution of DOPC, cholesterol, and DiI in ethanol; adding 1:3 mass of 0.2 M (NH 4 ) 2 SO 4 in water to generate the proliposome gel; gel was rapidly diluted into excess saline to form liposomes. Unincorporated SB-431542 was removed by centrifugal wash. Spectrophotometrically, SB-431542 entrapment rate was ϳ50%; ϳ0.062 or 0.25 g/g rat was delivered intracortical.
Statistical analysis. Data are presented as mean Ϯ SD or as medians. Normal data were analyzed by ANOVA with post hoc Bonferroni test for multiple groups or paired t test for comparisons between two groups. Discrete or not normal data were analyzed using the Kruskal-Wallis or the Mann-Whitney tests.
Results
Depletion of microglial cells does not induce vascular permeability in uninjured regions but adversely affects vessel coverage and increases vascular permeability in injured regions of P7 rats subjected to tMCAO Considering that the route of peripheral administration of Clodlip, intravenous or intraperitoneal, was shown to deplete different subpopulations of cells of the monocyte lineage in the blood and in peripheral organs (Polfliet et al., 2001; van Rooijen and Hendrikx, 2010) , to preferentially target microglial cells, we administered Clod-lip into brain parenchyma. We previously showed that depletion of microglial cells by intracortical Clod-lip injection before tMCAO in P7 rats enhances neuroinflammation and exacerbates acute injury . In this study, we asked whether microglial depletion, defined as Ͻ15% density of remaining microglial cells in injured regions compared with density in injured regions of untreated rats 24 h after tMCAO, affects vascular integrity in acutely injured regions. Consistent with our previous report , compared with PBS-lip-treated rats ( Fig. 1 A, 
ϩ microglial cells in the penumbra (Fig. 1C ) and the core ( Compared with untreated (data not shown) or PBS-liptreated rats (Fig. 1G ), volumetric RECA-1 vessel coverage was significantly reduced in injured cortex of Clod-lip-treated rats ( Fig. 1H ) 24 h after tMCAO, including the cumulative vessel volume in injured cortex ( Fig. 1I ) and caudate (Fig. 1J ). The overall vessel density was significantly affected by microglial depletion in the injured caudate but not in matching contralateral regions (Fig. 1K ). Vessel loss was more extensive in rats with more effective depletion of microglia in both the cortex and caudate (data not shown). By 72 h after tMCAO, vessel volume and length remained significantly lower in the injured cortex of Clodlip compared with vehicle-treated rats (data not shown), whereas vessel coverage was similar in contralateral regions in both groups. Numbers of peripheral monocytes were significantly decreased following 24 h of tMCAO but were similarly affected in Clod-lip-treated, vehicle-treated, and untreated rats (Fig. 1L) .
Essentially no leakage of fluorescently labeled 70 kDa dextran was observed in the cortex or the caudate of untreated neonatal rats (data not shown), or in the vehicle group throughout the injured caudate ( Fig. 1M ) and cortex ( Fig. 1N ) 24 h after tM-CAO, consistent with our previous report (Fernández-Ló pez et al., 2012) . The leakage was limited despite increased vascular degeneration in the ischemic core during that time, likely because of inadequate perfusion of degenerating vessels within the injury regions. However, depletion of microglia led to increased extravascular leakage of 70 kDa dextran in the injured caudate ( Fig.  1O ) and cortex (Fig. 1P ). Leakages were absent in the contralateral hemisphere in all groups.
Microglial depletion induces hemorrhages after acute tMCAO
Microglial depletion significantly increased the incidence of intracerebral hemorrhages 24 h after reperfusion, as was evident from the presence of extravascular clusters of red blood cells ( Fig. 2 A, B) . Hemorrhages of various size were apparent in several injured parenchyma regions, including cortex ( Fig. 2A) , caudate (Fig. 2B ), and thalamus (data not shown). Occasional hemorrhages were also seen in the meninges and at the choroid plexus. The number of hemorrhages regardless of size ( Fig. 2C ) and the number of relatively large hemorrhages (surface area Ͼ10,000 m 2 ; Fig. 2D ) was significantly increased in Clod-lip-treated rats, but vascular permeability to 70 kDa dextran was seen in both hemorrhagic and nonhemorrhagic vessels, and hemorrhages were seen in nonleaky vessels (Fig.  3) , suggesting that the mechanisms of BBB permeability and hemorrhages are distinct at least in part. Clod-lip treatment did not increase the incidence of hemorrhages in contralateral regions (Fig. 2C, D) or in otherwise unperturbed rats, ruling out direct effects of Clod-lip on cerebrovascular integrity. The presence of hemorrhages continued through 72 h after stroke (data not shown).
Microglial depletion exacerbates endothelial cell death 24 h after tMCAO
We then asked whether the decreased vascular coverage in rats with depleted microglia results from enhanced endothelial cell death or from diminished levels of growth factors that support cerebral vasculature and promote angiogenesis. tMCAO induced caspase-3-dependent endothelial cell death, as was evident from the increased number of endothelial cells expressing cleaved caspase-3 (RECA-1 ϩ /AC3 ϩ cells; Fig There is marked reduction in the number of microglial cells in both regions of Clod-lip-treated rat pups. E, Quantification of the total microglial cell volume in uninjured contralateral regions (Contra) and in injured cortex (cx) and caudate (cd), showing depleted microglial cell population in animals treated with Clod-lip. F, Injury volume 72 h after tMCAO is significantly larger in rat pups with depleted microglial cells. Shown are data for individual animals. G, H, Representative 3D projections from z-stacks of RECA-1 ϩ vessels in cortex and caudate of vehicle-treated treated rats (G) and Clod-lip-treated rats (H). I, J, Relationship between density of microglia (IB4 ϩ /RECA Ϫ cells) and vascular density (RECA-1 ϩ ) in injured cortex (I) and caudate (J). K, Vessel volume density is significantly reduced in injured cortex and caudate of Clod-lip-treated rats. L, Number of peripheral monocytes is significantly reduced by tMCAO, but the extent of reduction is similar in nontreated (NT), PBS-lip, and Clod-lip groups. Shown are data for individual animals. M-P, Representative images showing vascular permeability to 70 kDa TRITCdextran in injured regions of rats injected PBS-lip (M; caudate; N; cortex) and Clod-lip (O; caudate; P; cortex). Significance levels as indicated.
3 A, C). The number of RECA-1 ϩ /AC3 ϩ cells (arrowheads) was further significantly increased in injured regions of Clodlip-treated rats (Fig. 3B vs Fig. 3A; Fig. 3C ). Clod-lip did not induce caspase-3-dependent endothelial cell death in contralateral regions or in uninjured animals.
Considering that oxidative injury can both activate endothelial cells and contribute to endothelial death, we determined superoxide accumulation in the vessels using DHE, a dye that gives fluorescence products during its oxidation by superoxide, as we previously reported . The numbers of DHE ϩ cells in IB4 ϩ vessels were not significantly different in the penumbra of untreated, PBS-lip-treated, and Clod-lip-treated rats and were significantly lower in the ischemic core in Clod-lip group than in nontreated or PBS-liptreated groups ( Fig. 3I ; p ϭ 0.031).
The protein levels of VEGF, a growth factor important for vascular signaling, permeability, and angiogenesis (Greenberg and Jin, 2013), were similar in contralateral cortex regardless of treatment, and VEGF expression was significantly and similarly increased in the injured cortex in both groups (Fig. 3 D, E) . The protein levels of Ang1 and its receptor Tie2, key regulators of vascular stabilization and maturation , were also similarly affected by injury in vehicle-and Clod-lip-treated rats ( Fig.  3F-H ) , suggesting that enhanced endothelial death and reduced vascular coverage are unlikely because of insufficient VEGF support or halted angiogenesis at this early injury stage.
Vascular permeability changes induced by microglial depletion are not due to collagen IV degradation by MMP-9
Considering that in the adult hemorrhagic transformation after stroke occurs, in part, due to activation of several proteases (Gidday et al., 2005; Rosell et al., 2008) , we tested the effects of microglial depletion on activation of a major inducible Col-IV degrading protease, MMP-9. As evident from gel zymography, the amount of active MMP-9 was significantly increased in injured tissue of untreated and PBS-lip-treated neonatal rats (Fig. 4 A, C) but was below detectable levels in contralateral tissue 24 h after reperfusion. Depletion of microglia largely abolished expression of active MMP-9 (Fig. 4 A, C) . At 72 h after reperfusion, levels of active MMP-9 remained elevated in injured regions of ϳ50% of untreated and vehicle-treated rats but were below detectable levels in all Clod-lip-treated rats (Fig. 4 B, D) . These results suggest that activated microglia are an important source of MMP-9 in the postischemic neonatal brain.
Markedly reduced MMP-9 resultant from microglial depletion after tMCAO did not affect the pattern of degradation of the most abundant Col-IV isoform in brain vascular basement membrane, Col-IV␣1 ( Fig. 4E-I ). Compared with contralateral regions, protein expression of the integrant Col-IVa1 isoform (230 kDa band) was decreased, in parallel to accumulation of the lower molecular weight Col-IVa1 fragment (55 kDa band) (Fig. 4G-I ). Immunofluorescence analysis showed that Col-IV coverage of hemorrhagic vessels of Clod-lip-treated rats (Fig. 4F ) was unaltered compared with nonhemorrhagic vessels in rats with depleted or unmanipulated microglia (Fig. 4E) . Expression of active MMP-2, a constitutive matrix metalloprotease that also degrades Col-IV, was unchanged by microglial depletion at 24 or 72 h (data not shown). Thus, reduction of MMP-9 caused by microglial deple- tion may be overshadowed by the presence of MMP-2 and other Col-IV degrading proteases produced by other sources. String vessels, or acellular portions of vessels comprised of degraded Col-IV sheaths without the underlying endothelium, were present throughout the injured regions of both groups 72 h after neonatal stroke (Fig. 4J , arrows pointing to missing endothelium), but the number of string vessels (Col-IV ϩ /RECA-1 Ϫ ) was significantly higher in rats with depleted microglia (Fig. 4L) . Vessels undergoing conversion to string vessels (e.g., partial loss of vascular endothelium) were evident in association with local hemorrhages (Fig. 4K ) . Cumulatively, these data suggest that degenerative alterations of the brain endothelium, rather than Col-IV degradation, account for the increased vascular permeability and hemorrhagic transformation in rats with depleted microglia.
The effects of microglial depletion on the expression and subcellular distribution of endothelial tight junction proteins Disorganization and consequent diminished tightness of the tight junction (TJ) proteins contributes to BBB leakiness after stroke (Knowland et al., 2014) . Our comparative study of BBB integrity following acute tMCAO in neonatal and adult rats showed that expression of occludin, ZO-1, and claudin-5 is better preserved in neonates, consistent with the better preserved BBB integrity (Fernández-Ló pez et al., 2012) . Here we asked whether microglial depletion affects expression and intracellular distribution of two transmembrane TJ proteins, occludin and claudin-5.
Claudin-5 expression determined in whole tissue lysates was unaffected at 24 or 72 h after tMCAO in rats with unperturbed or depleted microglia (Fig. 5A , total, B; data for 72 h not shown). In contrast, occludin expression determined in whole tissue lysates was reduced at 24 h (Fig. 5C, total, D) and restored to normal levels at 72 h after tMCAO in vehicletreated rats (data not shown). However, diminished occludin expression was sustained (Fig. 5C , total, D) in rats with depleted microglia, with no restoration of protein levels at 72 h (data not shown). Cellular subfractionation experiments performed to investigate whether lack of microglial cells affects occludin and claudin-5 distribution within the cells showed that tMCAO induces redistribution of both occludin and claudin-5 in different cell compartments. The presence of both proteins was reduced in the cytoskeletal-associated fraction corresponding to integrant TJ (Fig. 5, ACF) and increased in the cytosolic and/or membrane fractions (Fig. 5, CF, MF) , indicating that these proteins are removed from the TJ, consistent with that previously described in the adult (Liu et al., 2012) . However, the patterns of subcellular redistribution were similar in vehicle-and Clod-lip-treated rats (Fig. 5) , indicating a ϩ vessels in PBS-lip-treated rats (E; two individual vessels and Clod-lip-treated rats (F; two individual vessels) 24 h after reperfusion. Asterisks indicate hemorrhages. Col-IV coverage is similar in hemorrhagic (F) and nonhemorrhagic (E) vessels. G-I, Representative examples of Col-IV ␣1 expression on Western blots. High molecular weight band (230 kDa) corresponds to an integrant Col-IV ␣1 monomer, and a lower molecular weight band (55 kDa) corresponds to one of degradation fragments of collagen-IV ␣1. C, Contralateral hemisphere; I, ipsilateral hemisphere. Densitometric analysis of expression of an integrant Col-IV monomer (H; 230 kDa) and of a 55 kDa degradation fragment (I) shows Col-IV degradation in injured regions, with no significant differences in the patterns of expression or degradation after microglial depletion. The data are normalized to a common control sample used in all gels. J, Representative images of string vessels (RECA-1 Ϫ /Col-IV ϩ ) 72 h after tMCAO. K, Representative image of hemorrhage (asterisk) associated with a degenerating vessel (RECA-1). L, Quantification of the number of string vessels (RECA-1 Ϫ /Col-IV ϩ ) 72 h after tMCAO. There is increased endothelial degradation in rats with depleted microglia. Green represents RECA-1. Red represents Col-IV. Significance levels as indicated. n.s., Not significant. similar extent of alteration of integrant TJs in both groups, at least at 24 h after stroke.
Microglial deletion affects TGF␤1/ALK5 signaling 24 h after tMCAO TGF␤1 plays multiple roles in healthy and diseased brain, including muting neuroinflammation, stabilization of the vascular niche, and preventing from hemorrhagic transformation after stroke (Munger and Sheppard, 2011; Gliem et al., 2012) . We asked whether TGF␤1 signaling is disturbed in acutely injured neonatal brain deprived of microglia. In adult focal stroke, multiple brain cell types constitutively express TGF␤1 and upregulate TGF␤1 (Pál et al., 2012; Cekanaviciute et al., 2014; Pál et al., 2014) and downstream signaling (Pál et al., 2014) . Similar to that in adult stroke, in neonates subjected to tMCAO, neurons ubiquitously express TGF␤1 in uninjured brain regions (Fig. 6 ), but TGF␤1 is no longer detectable in neurons within injured regions. Vascular expression of TGF␤1 was seen in both uninjured and injured regions but, in contrast to adults, where astrocytes upregulate TGF␤1 during acute and subchronic injury Cekanaviciute et al., 2014; Pál et al., 2014) , levels of TGF␤1 expression were below detectable in reactive astrocytes in our study. TGF␤1 expression was upregulated in activated microglia in injured cortex and caudate (Fig. 6A) . Accordingly, in rats with depleted microglia, the vast majority of TGF␤1-expressing cells were endothelial cells. We tested whether microglial depletion affects SMAD2/3 protein expression, SMAD2/3 phosphorylation, and TGF␤1/ALK5-induced pSMAD2/3-mediated downstream signaling in injured regions. tMCAO significantly reduced SMAD2/3 expression in injured regions, but the magnitude of reduction was unaffected by microglial depletion (Fig. 6B,C) . SMAD2/3 phosphorylation was significantly reduced in whole tissue lysates from injured regions of Clod-lip-treated rats (Fig.  6B,D,F) . The loss of SMAD2/3 phosphorylation in relation to the loss of SMAD2/3 expression was not assessed, as Western blot-based measurements do not allow addressing whether reduced SMAD phosphorylation occurs in cells with reduced SMAD2/3 expression. SMAD2/3 phosphorylation was significantly reduced in the nuclear fraction from injured cortex in the absence of microglial cells (Fig. 6 D, F ) , fraction identified as histone H1-enriched fraction (Fig. 6E) . Therefore, microglial depletion diminishes TGF␤1/ALK-5 signaling to the nucleus in the acutely injured neonatal brain. Immunofluorescence that we used to identify cell types expressing pSMAD2/3 showed that NeuN ϩ neurons abundantly express pS-MAD2/3 in contralateral regions (Contra; Fig. 6G ) and in uninjured regions within ipsilateral hemisphere (Ipsi; Fig. 6G ), but SMAD2/3 phosphorylation is lost in neurons with shrunken or disintegrated nuclei (Ipsi; Fig. 6G ). In contrast, SMAD2/3 phosphorylation is increased in activated microglial cells (Fig. 6G,H ) . IB4 ϩ vessels express pSMAD2/3 in injured (Fig. 6H ) and uninjured (Fig. 6G,H ) regions.
To test whether hemorrhage induction associated with the absence of microglial TGF␤1 signaling can be reversed by TGF␤1 supplementation, we intravenously administered rhTGF␤1 to Clod-lip-treated rats at 18 and 22 h after reperfusion (human and rat TGF␤1 have a 99% homology in the amino acid sequence) and confirmed that the plasma levels of TGF␤1 at the time of death at 24 h were several-fold higher in rhTGF␤1-treated rats than in nontreated rats (Fig. 6I, inset) . Injury volume in rats with depleted microglia was not affected at 24 h after reperfusion by the systemic rhTGF␤1 administration: 53 Ϯ 6% of ipsilateral hemisphere in rats treated with Clod-lip and rhTGF␤1 (n ϭ 11) compared with 58.1 Ϯ 3% in Clod-lip-treated rats (n ϭ 4). The number of intraparenchymal hemorrhages regardless of size was unaffected by the increased circulating levels of rhTGF␤1 (Fig.  6I ). There were also no differences in the distribution of hemorrhages of different size (data not shown). These data indicate that increased circulating TGF␤1 levels do not substitute for the TGF␤1 signaling derived from activated microglia after acute neonatal stroke.
Selective inhibition of TGFbr2/ALK5 signaling in activated microglial cells induces hemorrhagic transformation after neonatal arterial stroke
To directly test whether microglial TGF␤ signaling protects neonatal brain from ischemia-induced hemorrhages, we delivered a specific TGFbr2/ALK5 inhibitor, SB-431542, into microglial cells via intracortical injection of liposome-encapsulated SB-431542 before tMCAO. We fluorescently labeled SB-431542-lip with DiI to trace liposomes in the brain and confirmed that DiI ϩ /SB-431542 ϩ liposomes accumulate almost exclusively in activated IB4 ϩ microglia (Fig. 7B, arrowheads) or Iba1 ϩ microglia (Fig.  7C, yellow arrows) , rather than in other brain cell types. Consistent with our previous observations (Faustino et al., 2011) , only a few small-size DiI ϩ -lip were observed in IB4 Ϫ or Iba1 Ϫ cells, as shown in Figure 7A , C (thin arrows). No DiI ϩ -lip were observed in morphologically intact pSMAD ϩ neurons (Fig. 7A , on the left from injured region) and in neurons with morphologically integrant (Fig. 7C, asterisk) or apoptotic nuclei (Fig. 7C , thin white arrows). SMAD2/3 phosphorylation in neurons outside of injured region was unaffected (Fig. 7A, arrows) , but SMAD2/3 phosphorylation was reduced or lost in activated microglia containing DiI ϩ /SB-431542 ϩ liposomes (Fig. 7B, arrowheads) . Treatment did not affect injury volume (data not shown), but led to significantly increased number of intraparenchymal hemorrhages in injured regions at 24 h (Fig. 7D) . Meningeal hemorrhages were also observed. No increase in hemorrhage number was observed in contralateral hemisphere. Thus, TGFbr2/ALK5 inhibition in otherwise functional microglial cells induces hemorrhages after neonatal stroke, further demonstrating a key role of microglial TGF␤ signaling in protecting neonatal brain from hemorrhages.
We focused on the microglial TGF␤1/TGFbr2/ALK5 signaling, but, considering the complexity of TGF␤1 signaling and likely cell-type specific differences in its contribution to injury, it would be important to determine the effects of rhTGF␤1 and/or SB-431542 administration into the brain on hemorrhages and injury.
Depletion of microglial cells exacerbates injury and induces hemorrhages in neonatal mice subjected to tMCAO
To determine whether the phenomenon of microglial protection from hemorrhages after tMCAO that we observed in injured neonatal rats occurs across different species, and to examine whether Figure 6 . Replenishment of peripheral TGF␤1 does not attenuate hemorrhage occurrence at 24 h after tMCAO in rat pups with depleted microglia. A, Representative images showing expression of TGF␤1 in IB4 ϩ brain vessels and microglia/macrophages in the injured cortex. B, Western blots showing protein expression of SMAD2/3 (top) and pSMAD2/3 (middle) in the same total tissue lysates at 24 h after tMCAO. The data are normalized to actin (bottom) in individual samples. C, tMCAO significantly and similarly reduces SMAD2/3 expression in injured regions of PBS-lip-treated and Clod-lip-treated rats. A common tissue sample was used in multiple Western blots to allow data analysis. D, Western blots showing SMAD2/3 phosphorylation in total lysates and in cytosolic and nuclear fractions. E, Purity of the subcellular fractions is assessed by the presence of specific cytosolic (MKK3) and nuclear (histone H1) proteins. F, Densitometric quantification of pSMAD2/3 protein in total lysates and in the cytosolic and nuclear fractions. Shown are pSMAD2/3 values in individual Clod-lip rats expressed relative to averaged pSMAD2/3 value in PBS-lip rats in the same individual blots. G, Cell-type specific patterns of SMAD2/3 phosphorylation in contralateral (left) and ipsilateral (right) regions. Note SMAD2/3 phosphorylation in NeuN ϩ neurons (red) in uninjured regions and in the penumbra but not in the ischemic core. pSMAD2/3 is expressed in IB4 ϩ vessels in both uninjured and injured regions. H, High-magnification image of pSMAD2/3 in a IB4 ϩ vessel and in both IB4
ϩ and IB4 Ϫ cells in the vicinity of a vessel. I, Quantification of the total number of intraparenchymal hemorrhages in rats treated with Clod-lip, with or without intravenous administration of rhTGF␤1. G, Inset, Plasma levels of TGF␤1 measured by Bioplex ELISA at 24 h after tMCAO in untreated rats and in rats injected rhTGF␤1 intravenously 18 h after tMCAO.
monocytes account for the effects observed after microglial depletion, we examined the effects of intracortical Clod-lip injection before tMCAO in P9-P10 Cx3cr1 GFP/ϩ /Ccr2 RFP/ϩ mice, mice in which microglial cells are Cx3cr1 GFP/ϩ and monocytes are Ccr2 RFP/ϩ . Compared with PBS-lip injection, Clod-lip injection 48 h before tMCAO reduced the number of Cx3cr1 GFP/ϩ resting microglial cells in contralateral hemisphere to 76 Ϯ 21% in the caudate and 76 Ϯ 17% in the cortex. Compared with matching contralateral regions of Clod-lip-treated mice, the number of microglial cells was further significantly reduced in the ischemic core, in the core in the cortex (Fig. 8D vs Fig. 8B; Fig.  8F ) and in the caudate (data not shown).
Microglial depletion significantly exacerbated injury 24 h after reperfusion (Fig. 8G) . Consistent with observations in rat pups, depletion significantly increased hemorrhage incidence (Fig.  8 H, I ) and hemorrhages were observed in multiple brain regions, in the parenchyma, in the meninges, and in the choroid plexus. Microglial depletion also significantly induced albumin leakages into injured parenchyma of Clod-lip-treated mice, whereas the extent of leakage was negligible in PBS-treated mice at 24 h (data not shown). Unlike in neonatal rat pups, Clod-lip treatment produced smaller but significant increase in hemorrhage number in the contralateral hemisphere (Fig. 8 H, I ).
Essentially, no Ccr2 RFP/ϩ monocytes were observed in contralateral regions of untreated (data not shown), PBS-lip-treated, and Clod-lip-treated mice (Fig. 8J ) , whereas Ccr2 RFP/ϩ monocytes were observed in injured regions, in the ischemic core, in the caudate (Fig. 8J ) and in the penumbra (data not shown). The overall monocyte number varied in individual mice in each group, but there was not statistically significant difference between the groups. Quantification of the number of infiltrated monocytes (i.e., Ccr2 RFP/ϩ cells not touching Glut1 ϩ vessels) was similar in vehicle-and Clod-lip-treated mice (Fig. 8K ) . The number of peripheral monocytes was not significantly different between injured vehicle-and Clod-lip-treated mice (data not shown), demonstrating that hemorrhage induction was not due to monocyte depletion or altered monocyte infiltration. Cumulatively, these data in a second species, mice, revealed exacerbation of injury and induction of hemorrhages caused by microglial depletion, similar to effects in neonatal rats.
Discussion
We report a novel role of microglial cells in the context of neonatal brain ischemia, microglial-dependent protection from hemorrhages, and BBB disruption. We show that pharmacological depletion of microglia before neonatal stroke significantly increases injury and the incidence of intraparenchymal hemorrhages in rats and mice. In the rat stroke model, these effects are not directly mediated by loss or redistribution of intracellular TJ proteins or by perivascular Col-IV degradation caused by stroke. We demonstrate that activated microglial cells become a major source of TGF␤1 in injured neonatal brain, and loss of microgliaderived TGF␤1/ALK5 signaling after acute injury is not overcome by intravenous injection of rhTGF␤1, indicating insufficiency of peripheral cytokine to rescue microglia-mediated protection. Pharmacological inhibition of TGF␤1/ALK5 signaling selectively in microglia during acute injury recapitulates the pattern of hemorrhage induction associated with microglial depletion. Depletion of microglia in P9 Cx3cr1 GFP/ϩ /Ccr2 RFP/ϩ mice exacerbates injury after tMCAO and induces acute hemorrhages, but these effects are independent of infiltration of Ccr2 RFP/ϩ monocytes into injured regions. Together with our previous findings that microglial depletion enhances neuronal injury and neuroinflammation, the newly identified direct role of microglia in protecting neurovascular integrity argues for the endogenous protective roles of these cells in injured neonatal brain.
Leakiness of the BBB has been firmly established in adult stroke models and many contributing mechanisms identified (Yang and Rosenberg, 2011) . We recently reported that albumin leakage into injured brain regions is markedly lower in P7 rats after tMCAO than in adult rats after a similar insult and that neutrophil infiltration into ischemic-reperfused regions is low following neonatal tMCAO (Fernández-Ló pez et al., 2012) , consistent with low infiltration in response to hypoxiaischemia in neonatal rats (Hudome et al., 1997) , but in stark contrast with rapid neutrophil infiltration in adult tMCAO models (Mori et al., 1992) . The markedly different patterns of tMCAO-induced gene upregulation and downregulation in endothelial cells between immature and adult brains Fernández-Ló pez et al., 2012) , unsynchronized maturation of individual cell types, pericytes, and astrocytes, and of individual ECM components (Peppiatt et al., 2006; Zhang and Barres, 2010) , and maturation-dependent vessel coverage by pericytes and astrocytes (Daneman et al., 2010) can contribute to differing postischemic BBB function in neonates compared with adults. Transport of other molecules through postnatal BBB can depend on injury model and species (Ek et al., 2015) . The endfoot-basal lamina junctional complex is consolidated after the first postnatal week (Lunde et al., 2015) , likely affecting protein interactions at the ECM-vascular-astrocyte interface. Microglia themselves undergo phenotypic changes during brain development (Butovsky et al., 2014) .
Microglia are the main cell type that provides immunosurveillance in the brain and play essential roles in cell-cell communications, trophic support, and phagocytosis of dying cells (Ueno et al., 2013) . Microglia have several direct effects on the vasculature, enabling embryonic vasculogenesis (Arnold and Betsholtz, 2013) and guiding vascular anastomosis (Fantin et al., 2010) , effects not mediated by monocytes (Checchin et al., 2006) . Microglia patrol the vasculature in naive adult brain (Davalos et al., 2012) and are rapid responders to the lesions (Nimmerjahn et al., 2005) . Microglial cells play a unique role in postnatal brain by pruning synapses and shaping synaptic circuits (Paolicelli et al., 2011; Bialas and Stevens, 2013) . After stroke activated microglia/macrophages have been thought toxic, along with peripheral leukocytes, by producing inflammatory mediators and adversely affecting BBB integrity (Iadecola and Anrather, 2011), but it remains questionable whether microglial cells, rather than perivascular microglia and invaded peripheral monocytes, mediate injury (Lambertsen et al., 2009) .
In neonates, we investigated how microglial cells affect several injurious mechanisms demonstrated in adult stroke (Cunningham et al., 2005) . We show that endothelial cell death triggered by tMCAO is exacerbated by the absence of microglia but that increased endothelial death is unlikely because of enhanced superoxide production in injured vessels, diminished VEGF expression, or enhanced neuroinflammation. Endothelial cells are vulnerable to ROS (Rizzo and Leaver, 2010) , which are in part produced by reactive microglia after stroke in adults, but, to a lesser extent, in reactive microglia in neonates (Woo et al., 2012) . In ischemic-reperfused neonatal brain regions, cytokine and chemokine increase is profound (Denker et al., 2007) , but microglial depletion further increases the levels of inflammatory mediators, reduces removal of neuronal debris, and worsens parenchymal injury (Faustino et al., 2011) . One of the main paths for albumin leakage in adult stroke is through disrupted TJ (Krueger et al., 2013), but microglial depletion does not lead to additional loss or further intracellular redistribution of occludin and claudin-5 caused by tMCAO.
Col-IV degradation is a hallmark of hemorrhagic transformation after adult stroke (Asahi et al., 2001; Rosell et al., 2008) . Mutations in the COL4A1 gene cause intracerebral hemorrhage both in newborn mice and humans (Gould et al., 2005) . In humans, a limited number of genes, including MMP-9 and TGF␤, predict strokes that later develop hemorrhagic transformation (Jickling et al., 2014) . In adult stroke models, upregulated MMP-2, MMP-9, and MMP-3 mediate the breakdown of ECM components, contributing to disruption of the BBB, brain edema, and injury, and predisposing to hemorrhagic transformation (Asahi et al., 2000) . The origin of MMP-9-producing cells is imperative for early versus late hemorrhagic transformation, with MMP-9 primarily produced by neutrophils in acute stroke, but produced by brain cells at later points in the adult (Gidday et al., 2005; Jickling et al., 2014) .
In human newborns, MMP-9 activation predicts HIE outcome (Bednarek et al., 2012) . MMP-9 inhibition protects the neonatal rodent brain from hypoxia-ischemia (Chen et al., 2009) . We show marked increase in activated MMP-9 in injured regions and microglia as an important source of MMP-9 that leads to robust degradation of a Col-IV ␣1 subunit. Yet, the magnitude of Col-IV␣1 degradation is unaffected by the absence of microglia at 24 h, making Col-IV degradation an unlikely cause for increased permeability or hemorrhages. Lack of phagocytotic microglia needed to clear hemorrhages (Zhao et al., 2009 ) likely contributes to continued presence of hemorrhages over 72 h, but the presence of residual basal lamina in the absence of endothelial cells ("string vessels") also points to endothelial degeneration rather than loss of vascular sheaths as a primary mechanism of hemorrhages caused by microglia depletion. It is somewhat counterintuitive that the magnitude of Col-IV␣1 degradation is unaffected by microglial depletion when active MMP-9 is diminished and that hemorrhagic transformation is increased when microglial MMP-9 is absent. Other proteases, such as fibronectin, perlecan, and agrin, could contribute to Col-IV degradation and affect interactions between ECM and endothelial cells and pericytes in the absence of microglia.
TGF␤1 contributes to neurovascular protection and serves as a survival factor for brain capillaries and BBB stability (Walshe et al., 2009 ). Multiple brain cell types express TGF␤1 in adult brain and upregulate TGF␤1 after stroke (Pál et al., 2014) . Abrogated TGF␤1 signaling in astrocytes exacerbates subacute injury after distal MCAO and increases microglial activation and monocyte infiltration (Cekanaviciute et al., 2014) . Deletion of peripheral monocytes or CCR2 in bone marrow-derived cells produces vessel irregularities, thinning and delayed hemorrhagic transformation in stroke, effects that are reversed by intracerebral TGF1␤1 injection (Gliem et al., 2012) . Similar to adults, in neonates, neurons and endothelial cells express TGF␤1 in uninjured regions, but TGF␤1 is lost in injured neurons, retained in endothelial cells, is not apparent in astrocytes, but is markedly upregulated in activated microglia in injured regions, mediating TGFbr2/SMAD2/3 signaling in the latter cells. Our attempt to revert depletion-induced hemorrhage by increasing peripheral TGF␤1 levels in proximity to injured vessels did not affect injury size or the number/size of hemorrhages, whereas inhibited TGF␤1/TGFbr2/ALK5 signaling selectively in microglia reduced SMAD2/3 phosphorylation in these cells and significantly increased the number of intraparenchymal hemorrhages.
Findings that monocytes in adult stroke (Gliem et al., 2012 ) and activated microglia in neonatal stroke in our study protect from postischemic hemorrhages and that TGF␤1 signaling is involved in protection in both situations make it tempting to assume that the underlying mechanisms are the same. However, in adult mice, hemorrhagic transformation following prolonged perfusion deficits (Jickling et al., 2014) or monocyte depletion (Gliem et al., 2012) is not apparent for days, whereas in our study hemorrhages occur early after reperfusion. There are many common features between resident microglia and monocytes, but microglia are of different origin than monocytes (Ginhoux et al., 2010) and make a self-renewable population, with a unique gene signature compared with monocytes and dendritic cells (Butovsky et al., 2014) . Monocytes that infiltrate an injured adult brain do not contribute to the resident microglial pool (Ajami et al., 2011) , whereas microglial phenotypes are heterogeneous, with stimulus-specific responses in vivo (Petersen and Dailey, 2004; Chhor et al., 2013) .
To identify whether monocyte behavior is altered by microglial depletion and ultimately accounts for brain hemorrhages, we examined monocyte numbers in peripheral blood and in the brain in P9 Cx3cr1 GFP/ϩ /Ccr2 RFP/ϩ mice following tMCAO. We observed that infiltration of Ccr2 RFP/ϩ monocytes into injured regions is rather limited and, importantly, is not affected by microglial depletion, suggesting that microglial TGF␤1-dependent signaling carries neurovascular protection.
In conclusion, we discovered an important role of microglial cells in protecting neonatal brain from ischemia-induced hemorrhages. Findings that this phenomenon is observed in two species suggest uniformness of effects and raise a question whether strategies aimed to broadly inhibit microglial function should be used after acute neonatal stroke. An improved understanding of the microglial phenotypes and role of individual phenotypes in governing neurovascular integrity in injured immature brain, together with acquired knowledge of whether BBB disruption and hemorrhagic transformation are governed by distinct mechanisms, would help in identifying new and more selective therapeutic strategies. Development of new tools to deplete the entire microglial population (Elmore et al., 2014) or individual subpopulation (Lalancette-Hébert et al., 2007) may allow a better understanding of the effects of parenchymal and perivascular microglia on injured vasculature. Identification of the role of microglial TGF␤1 as neurovascular protectant may lead to new therapeutic targets for neonatal stroke, especially when autocrine and paracrine mechanisms of microglial TGF␤1 in the injured brain are better defined and in relation to TGF␤1 signaling in other cell types.
